Aims Both environmental and genetic effects contribute to phenotypic variation within and among populations. Genetic differentiation of quantitative traits among populations has been shown in many species, yet it can also be accompanied by other genetic changes, such as divergence in phenotypic plasticity and in genetic variance. Sideroxylonal (a formylated phloroglucinol compound or FPC) is an important chemical defence in eucalypts. The effect of environmental variation on its production is a critical gap in our understanding of its genetics and evolution. † Methods The stability of genetic variation in sideroxylonal was assessed within and among populations of Eucalyptus tricarpa in three replicated provenance/progeny trials. The covariance structure of the data was also modelled to test whether genetic variances were consistent among populations and Fain's test was applied for major gene effects. † Key Results A significant genotype Â environment interaction occurred at the level of population, and was related to temperature range and seasonality in source populations. Within-population genetic variation was not affected by genotype Â environment effects or different sampling years. However, within-population genetic variance for sideroxylonal concentration differed significantly among source populations. Regression of family variance on family mean suggested that this trait is subject to major gene effects, which could explain the observed differences in genetic variances among populations. † Conclusions These results highlight the importance of replicated common-garden experiments for understanding the genetic basis of population differences. Genotype Â environment interactions are unlikely to impede evolution or responses to artificial selection on sideroxylonal, but the lack of genetic variation in some populations may be a constraint. The results are broadly consistent with localized selection on foliar defence and illustrate that differentiation in population means, whether due to selection or to drift, can be accompanied by changes in other characteristics, such as plasticity and genetic variance.
INTRODUCTION
Geographically structured variation in phenotypic traits can result from genetic and environmental factors. Divergence may be primarily caused by environmental effects, which are mediated by phenotypic plasticity, the differential expression of traits under different environmental conditions (Hoffmann et al., 2005) . Alternatively, genetic effects may predominate, diverging by local adaptation or drift (Mitchell-Olds and Schmitt, 2006; Leinonen et al., 2008) . Genetic differentiation of quantitative traits among populations has been shown in many species, yet the genetic changes that can accompany divergence have received less attention. These can include changes in phenotypic plasticity, i.e. the ability of an organism to respond to environmental variation, and in genetic architecture, i.e. the genetic factors underlying trait variation. Genetic differentiation among populations can affect not only population means, but also the amount of genetic variation within a population (Widen et al., 2002; Bégin and Roff, 2003; Pressoir and Berthaud, 2004) . The plastic response of a trait to environmental variation can also diverge by drift or in response to selection in each source population, creating nonadditive effects of genotype and environment, or genotype Â environment (G Â E) interactions at the level of populations. While there is considerable debate about the role plasticity plays in adaptation to novel environments (de Jong, 2005; West-Eberhard, 2005; Pigliucci et al., 2006) , it is generally agreed that reaction norms, which characterize the response of a genotype to a range of environments, can evolve as a result of natural selection (Van Tienderen and Koelewijn, 1994; Lande, 2009) . For example, plasticity may be favoured by factors such as heterogeneity and predictability of selection (Lande, 2009) . Thus, the partitioning of variation in plasticity within and among populations may reflect the combined action of microevolutionary forces in much the same way as for simple traits.
Studies of G Â E interactions are important, not just because of what they can tell us about the causes of geographic differentiation, but also because they have serious implications for the measurement of genetic parameters, both within and among populations. For example, unknown G Â E interactions could cause incorrect inferences to be drawn when designing breeding programmes or extrapolating from common-garden results to wild populations (Mitchell-Olds and Rutledge, 1986; Conner et al., 2003) . It is common practice to measure genetic variation by rearing genetically different individuals in shared environments. G Â E interactions can be studied by manipulating growth conditions to examine the effects of specific environmental variables. A contrasting approach, taken in reciprocal transplant experiments, for example, is to grow plants on sites that differ in many ways, which are often unknown. Replicating genetic experiments at multiple sites rarely identifies the environmental factors responsible for phenotypic differences (Hamann et al., 2000; Costa e Silva et al., 2006) , but does provide information on the plasticity or stability of traits and the likelihood that estimates of genetic effects and predicted responses to selection are transferable to new environments (Westcott, 1986; Cooper and DeLacy, 1994) . We have taken this approach to investigate the genetic basis and plasticity of among-population and within-population variation in an important plant defence trait.
The ecology and evolutionary outcomes of interactions between plants and animals are directly affected by genetic variation within species (Cipollini et al., 2003; Fornoni et al., 2004) and provide several examples of local adaptation (Sork et al., 1993; Zangerl and Berenbaum, 2003; Stenberg et al., 2006) . Community structure and interactions between plants and animals are affected by G Â E interactions at multiple scales (Johnson and Agrawal, 2005) . G Â E interaction effects on defence traits have been observed in response to various environmental factors, including water availability, fertilization, competition and herbivory (Keinänen et al., 1999; Donaldson et al., 2006) . Although several studies have detected G Â E interaction effects on herbivory and chemical defence at different sites (e.g. Bowers et al., 1992; Stiling and Rossi, 1996; Boege and Dirzo, 2004; Rosner and Hannrup, 2004; Johnson and Agrawal, 2005) , the stability of genetic variation (both within and among populations) in foliar defence chemicals across sites is unknown in many systems, especially in long-lived trees (Silfver et al., 2009) . Since plant species encounter environments that differ in more than just a few variables, this is a critical gap in our understanding of plant -herbivore interactions, from an applied as well as an evolutionary perspective.
Sideroxylonals are members of the group of potent foliar antifeedant chemicals found in eucalypts that are known as formylated phloroglucinol compounds or FPCs (Lawler et al., 1998; Marsh et al., 2003; . This class of compound reduces feeding by both mammalian and at least some insect herbivores (Floyd and Foley, 2001; Andrew et al., 2007) . Geographic variation in foliar sideroxylonal concentrations has been identified in Eucalyptus microcorys (Moore et al., 2004b) and has been shown to have a genetic component in E. tricarpa (Andrew et al., 2007) . In E. microcorys, high sideroxylonal concentrations in natural populations were related to cool winter temperatures (Moore et al., 2004b) . However, no relationship was found between the climates of source populations and the genetic effects on sideroxylonal concentrations in E. tricarpa (Andrew et al., 2007) . Given that many eucalypts are distributed across diverse climatic and soil conditions, understanding this discrepancy is an important research goal.
Since the production of sideroxylonal appears not to incur a strong growth cost and variation in concentrations is highly heritable (Andrew et al., 2007) , artificial selection for high sideroxylonal concentrations is likely to be successful and confer improved resistance to insect browsing, an important problem in re-establishing trees in farming landscapes in southern Australia (Ohmart and Edwards, 1991; Collett and Neumann, 2002; Floyd et al., 2002) . However, genetic improvement of sideroxylonal concentrations would be more difficult if genetic parameters or the rankings of genotypes were to change when this species is grown in different conditions. This is of concern, as significant G Â E interactions have been detected for growth and wood traits in studies of other Eucalyptus species grown on multiple sites (Tibbits and Hodge, 1998; Lima et al., 2000; Costa e Silva et al., 2006) .
In this study, two aspects of the genetic basis of variation in a foliar defence chemical in Eucalyptus tricarpa were investigated, building on earlier work that connected sideroxylonal concentrations with insect herbivory and demonstrated population differentiation in this trait (Andrew et al., 2007) . The study had three aims: (1) to compare the foliar sideroxylonal concentrations of material from different source populations grown in multiple environments; (2) to assess the stability of within-population genetic effects when families are grown at different sites; and (3) to test the homogeneity of quantitative genetic variance among populations.
MATERIALS AND METHODS

Provenance/progeny trial description
Three open-pollinated E. tricarpa provenance/progeny experiments were established by Forests New South Wales and the Victorian Department of Sustainability and the Environment as part of the Australian Low Rainfall Tree Improvement Group (ALRTIG) programme (Harwood et al., 2001) . Each experiment was at a different location in southeastern Australia. One of these, located near Culcairn in New South Wales, was sampled for foliar sideroxylonal chemistry and assessed for insect damage in late 2002 and the resulting data have been presented elsewhere (Andrew et al., 2007) . This experiment was sampled again the following year, along with two additional experiments. The sites differed in soil properties observed at the time of planting (D. Stackpole, unpubl. res.; I. Johnson, unpubl. res.) and climatic variables obtained from the BIOCLIM computer program (Centre for Resource and Environmental Studies, Australian National University, Australian Capital Territory, Australia; Table 1 ). The climates at the three sites as shown in Table 1 are broadly similar: year-to-year variation within sites is probably greater than mean differences between sites. Nevertheless, Lake Tyers is typically less exposed to low winter minima than the other two sites. Each experiment was designed to consist of four complete replicates, with rows and columns as incomplete blocks and families represented by five-tree plots in each replicate. The experiments shared almost all families, which were sampled from 16 populations throughout the range of the species, from centralwestern Victoria to southern coastal New South Wales.
Sampling
As in a previous study (Andrew et al., 2007) , we focused on the progeny of a set of eight populations ( Fig. 1 ) and sampled the first two available progeny from each plot containing the selected families (5-11 per population). Sampling occurred in December 2003 (Huntly), January 2004 (Culcairn) and March 2004 (Lake Tyers) due to constraints on access to the trials. However, care was taken to sample leaves of similar ages at the different sites; new or expanding leaves and senescent leaves were avoided. Approx. 100 g of leaves were stored at 220 8C for later freeze-drying.
Chemical analysis
Near infra-red spectroscopy (NIRS) was used to measure sideroxylonals in all 1487 samples, based on laboratory data from a set of calibration samples that included 60 randomly selected trees from each trial site. Laboratory and NIRS measurements of sideroxylonals followed the methods described in Wallis and Foley (2005) and Andrew et al. (2007) , respectively. Sideroxylonals A and C were the dominant FPCs in the samples. Trace amounts of sideroxylonal B were detected, but concentrations were too low to be quantified reliably. Sideroxylonals A and C occurred in a constant ratio in the samples, as is seen in other eucalypts (Moore et al., 2004a) , and we consider their combined concentration to be an accurate measure of the total FPCs in E. tricarpa. The optimal calibration for sideroxylonals A þ C (hereafter referred to as sideroxylonal) was a modified partial least squares model based on 159 samples (excluding spectral outliers) and which used the entire spectrum (408 -1092 and 1108-2492 nm). Various combinations of Savitzy -Golay derivative-based spectral smoothing functions provided by the ISI software (Win ISI; Port Matilda, PA, USA) were tested to remove unnecessary spectral signal components and improve the accuracy of the prediction models. The best model employed weighted multiplicative scatter correction and used the second derivative with a gap size of 6 nm, a maximal primary smoothing function and no secondary smoothing function (American Society for Testing and Materials, 1995) . This model had an R 2 of 0 . 979 and a Climatic variables were obtained using BIOCLIM. Seasonality is measured as the coefficient of variation for the mean monthly temperatures and precipitation. standard error of cross-validation of 3 . 1 mg g 21 of dry matter (dm). The predicted mean and standard deviation were 22 . 9 and 14 . 4 mg.g 21 dm, respectively. NIRS was very successful for predicting foliar sideroxylonal concentrations, which were approximately normally distributed. There were some suggestions of multimodality within populations; however, we considered our statistical analyses valid, as multimodality was not apparent in the residuals.
Statistical analysis
All statistical analysis was performed using GenStat10 (VSN International Ltd, Hemel Hempstead, UK). The experiments were row -column designs, with the nested genetic treatments ( population and family within population) applied at the level of the five-tree plot. Replicates were complete blocks; however, only 64 of the approx. 110 plots in each replicate were sampled. Site was always treated as a fixed effect, as we did not consider the sites to be a random sample of the possible environments encountered by the species. Replicate within site was also treated as fixed to limit the number of random terms. Source population was treated as fixed, with families within populations random. Analyses were performed on individual-tree data and plot was included as part of the residual variance for the stratum at which the genetic treatments were applied. Since eucalypts have mixed mating systems, additive genetic variance (V A ) was estimated from family variances, assuming a mean relatedness within families of 0 . 4 and no maternal, dominance or epistatic effects (Williams et al., 2002, p. 103) .
Single-site analyses were conducted to compare variance components and fixed effects among sites and thereby assess the stability of the genetic variance estimates. Linear mixed models of data from all three sites were compared to test for G Â E interactions and to investigate the sources of variance in chemical concentrations. Mixed models were fitted using residual maximum likelihood (REML) and likelihood ratio tests were performed to assess the significance of random effects (Payne, 2005) . Residuals were examined for normality. Wald tests and F statistics were used to assess the significance of fixed effects. Population-or site-specific variances were estimated when likelihood ratio tests demonstrated significantly better fit. If this was not the case, a single variance component was estimated and the significance of the effect tested by dropping it from the model. The details of the linear models tested are given in the Appendix.
Bootstrapping was used as an additional test of the differences in family-level variance among populations. Bootstrapped data sets for each population were created by randomly selecting families (with replacement) from within the population and adding each family to the new data set with new plot identities. Confidence intervals were estimated from 10 000 bootstraps and compared among populations.
The stability of relative sideroxylonal concentrations across years was examined using type A genetic correlations (i.e. correlations among or between pairs of traits, Burdon, 1977; Williams et al., 2002) between the December 2002 and January 2004 data from Culcairn (see Appendix). Additive genetic correlations of sideroxylonal concentrations among sites were estimated using an approach similar to the estimation of more typical, type A genetic correlations, but where the trait of interest is measured on different individuals (Burdon, 1977) . These 'type B' genetic correlations between sites are expected to be 1 . 0 in the absence of G Â E interactions. The covariances of family effects among sites and variances within sites were estimated using REML and their significance tested using likelihood ratio tests (see Appendix for details). Correlations of population effects across sites were estimated using the predicted population means from the single-site analysis. In addition, Spearman rank correlations of family means were calculated and their confidence intervals estimated by bootstrapping in the R statistical package.
The relationship between the climates of the source populations and a simple measure of their plasticity was explored using univariate regressions. The concentration range for each population was measured as the signed difference in sitespecific population mean between the maximum (at Huntly) and the minimum (at Lake Tyers). These values were regressed on each of 19 bioclimatic variables obtained from WORLDCLIM bioclimatic grids (Hijmans et al., 2005) as described previously (Andrew et al., 2007) . False discovery rate was used to control for multiple independent tests (Benjamini and Hochberg, 1995) .
Fain's test for major gene effects was carried out on family means and variances (Lynch and Walsh, 1998, p. 356 ). This test is based on the fact that family variance should have a linear relationship with the mean under an infinitesimal model of gene action, whereas genes with major effects are more likely to be homozygous in the families with extreme mean trait values. The presence of a significantly negative quadratic term in a quadratic regression is a conservative test for the presence of genes of major effect. This analysis was conducted on data from each site separately and on the entire data set after controlling for differences in site means.
RESULTS
Heritability at Huntly was somewhat lower than at other sites (Table 2 ) due primarily to increased s 2 e at both the tree and plot level. Although there was substantially lower family variance at Lake Tyers, the measure of evolvability, CV A , was similar among sites, presumably due to mean-variance scaling.
Despite significant site and family effects, the interaction between site and family was not significant (x 2 , P ¼ 1 . 0; Table 3), having been accounted for by the population-level G Â E interaction, which was highly significant (Table 3 ). In general, however, its effect was considerably smaller than the population main effect and crossovers were not prevalent (Table 3 , Fig. 2 ). Population means for foliar sideroxylonal concentration, estimated from single-site analyses as best linear unbiased estimates, were lower at Culcairn than at Huntly, and lowest at Lake Tyers.
Family variance components differed among populations but not among sites (x 2 , P ¼ 0 . 32), and residual variances differed among sites (Table 3) . While large, the bootstrap confidence intervals for Martin's Ck (95 % CI 12 . 6 -203) and Heathcote (95 % CI 15 . 6-89 . 3) did not overlap that of Mt Bealiba (95 % CI 7 . 1 Â 10 28 -6 . 09). This was not due to mean-variance scaling, as there was no positive relationship of V A with population means; instead there was an weak negative trend, although only marginally significant (P ¼ 0 . 079, Fig. 3) .
The genetic correlation of foliar sideroxylonal concentrations between years was high (n ¼ 401, r A ¼ 1 . 02, P , 0 . 001). Type B genetic correlations among sites at the family-within-population level were strong and highly significant (Fig. 4) . They were also close to the upper limit of the parameter, at r B ¼ 1 . 0. The correlations of population effects among sites were also strongly positive and highly significant (P , 0 . 001, Fig. 4 ). However, without correcting for population differences, the rank correlations of family means among sites were strongly positive and significantly different from 1 in each case (Culcairn -Huntly r ¼ 0 . 75, Variance components (VC) and tests of fixed effects are given. Likelihood ratio tests were used to test whether variance components should be included (identity vs. absent) and whether each term was best modelled as a single variance component or a separate variance for each level of an appropriate factor (i.e. with a covariance structure based on an identity matrix or a diagonal one). Standard errors are shown in parentheses after each estimate. The interaction between family and site was not significant. Residual variances also varied among sites. Pearson correlation coefficients were similar and also significantly less than 1.
After correcting for false discovery rate, the difference in foliar sideroxylonal concentrations between Huntly and Lake Tyres was significantly related to five highly correlated temperature-related variables. Of these, the annual temperature range explained the largest proportion of variation in plasticity (Table 4) . The univariate regressions suggested that populations with narrower diurnal and annual temperature ranges, higher minimums in the coldest period, lower maximums in the warmest period and less temperature seasonality tended to have a greater difference in sideroxylonal production between Huntly and Lake Tyers. The three populations with the highest means and phenotypic ranges all originate from coastal regions with smaller annual temperature ranges (Bodalla, Lorne and Mt Nowa Nowa; Figs 1 and 2) .
Application of Fain's test provided support for the notion that there are genes of major effect influencing foliar sideroxylonals. Variance within families was related to family mean with significant quadratic terms in three of the four tests conducted, in Culcairn ( y ¼ 72 -262x -166x and are likely to be influenced by genes of major effect. We will discuss the implications of these results for the genetic improvement of E. tricarpa in tree breeding programmes and the evolution of defence in Eucalyptus, in the broader context of population divergence.
Genetic improvement of E. tricarpa
Our results point to the stability of within-population genetic effects, as demonstrated by the insignificant site Â family term and the high genetic correlation of foliar sideroxylonal concentrations between years at Culcairn and among sites. Thus, different genotypes from the same source population are likely to produce consistent responses to changes in environmental conditions, although populations differ in this response. In the only other multiple-site genetic study of herbivore resistance in eucalypts, the rank correlation of family effects on damage to E. grandis by chrysomelid beetles (Henery, 2006) at the two sites was significantly positive but ,1 (r B ¼ 0 . 64, s.e. ¼ 0 . 17). This implies a small interaction effect between family and site, but is unlikely to have resulted from G Â E interactions on phytochemistry because damage by chrysomelids was unrelated to FPC concentrations. Genetic correlations for wood traits across sites range from very low to close to 1 (Tibbits and Hodge, 1998; Hamilton et al., 2009) .
While limited to the three sites studied, our finding of low or negligible G Â E interactions at the family level has implications both for domestication and for evolutionary research on FPCs. The stable expression of genetic variation is favourable for the genetic improvement of defence in this species. Since the production of sideroxylonal appears not to incur a strong growth cost and variation in concentrations is highly heritable, breeding for high concentrations may be successful (Andrew et al., 2007) . In contrast, if genetic parameters or the rankings of genotypes were to change when this species is grown in different conditions, it would be harder to breed for stable increases in concentrations of sideroxylonal across multiple environments. Significant G Â E interactions for growth and some wood traits occur in other Eucalyptus species grown on multiple sites (Tibbits and Hodge, 1998; Lima et al., 2000; Costa e Silva et al., 2006; Hamilton et al., 2009) . However, our results suggest that the withinpopulation genetic parameters measured at one experiment or plantation site will predict those at a new site reasonably well.
In contrast, there was a significant G Â E interaction in foliar sideroxylonal concentrations at the population level, which has not been documented previously for foliar chemical traits in Eucalyptus. A significant population Â nutrient availability interaction effect was found on herbivory by common brushtail possums (Trichosurus vulpecula) on E. globulus grown in glasshouses, but the interaction with environment was not significant for FPCs or other chemical traits (O'Reilly-Wapstra et al., 2005) . The finding of population Â environment interactions for chemical defence indicates that populations differ in how they react to environments and is therefore a key result of the present study.
Although a significant population-level G Â E interaction indicated that some populations had more stable levels of defence than others, it should not pose difficulties for artificial selection on sideroxylonal, as changes in rankings across sites were not common and the correlations of predicted population means were strong. The Bodalla and Mt Nowa Nowa progeny were highly ranked at each site. In a previous study of the Culcairn experiment, both of these populations had high growth rates and low levels of both insect damage and Anoplognathus Christmas beetle incidence (Andrew et al., 2007) . Likewise, the low level of genetic variance in sideroxylonal concentrations in some populations is unlikely to impede genetic improvement of defence. The Clunes and Mt Bealiba material, which did not display detectable V A despite high average concentrations, may not contribute strongly to ongoing breeding programmes, but Mt Nowa Nowa and Bodalla possessed moderate V A . However, information on long-term survival and growth at multiple sites is required to determine whether these two provenances should be recommended for general use, because both are from the higher rainfall parts of the species' range.
In seeking explanations for this pattern, we found evidence for genes of a major effect influencing sideroxylonal concentration. Major quantitative trait loci for sideroxylonal were also detected in E. nitens (Henery, 2006) , suggesting that the genetic architecture of chemical variation may be consistent among different species.
Ecology and evolution of chemical defence
Eucalypts are important foundation species, providing food and habitat for diverse vertebrate, invertebrate and microbial interactors, many of which respond to foliar chemical defences (Lawler et al., 1998; Jones et al., 2002; Marsh et al., 2003; Andrew et al., 2007) . The stability of genetic effects across environments suggests that the evolution of eucalypt phytochemicals can play a role in structuring entire communities (Wimp et al., 2007; Barbour et al., 2009) . The evolution of sideroxylonal concentrations appears unlikely to be constrained by G Â E interactions; however, the lack of genetic variance for this trait in some populations may prevent adaptation to changing environments.
Populations of E. tricarpa clearly differ in levels of genetic variation in foliar sideroxylonal, independently of meanvariance scaling. Variance structure modelling is increasingly used in the analysis of multisite genetic experiments, as the residual variance may differ among sites (Costa e Silva et al., 2006) , and this approach proved useful in detecting differences in family-level variance among source populations. The lack of genetic variance within certain populations suggests that these populations may be less capable of responding to natural or artificial selection on sideroxylonal, although the sampling may have missed some variation present in the population. Differentiation of genetic variances and covariances has been documented previously (Riemenschneider et al., 1994; Widen et al., 2002; Yeaman and Jarvis, 2006 ), but we are not aware of any similar studies for herbivore defence traits. While the likelihood of differences in the heritability of frost resistance among regions was considered by Tibbits et al. (1998) , differences in the heritability or V A of quantitative traits among populations have not been formally demonstrated before in eucalypts. This is surprising because reduced genetic variation would be expected in small populations at the edges of species distributions (Butcher et al., 2009) or those that have experienced prolonged natural selection (Foster et al., 2007) . The ranges of eucalypts can encompass considerable environmental variation, over which adaptive divergence can occur (Steane et al., 2006) . Our results suggest that the validity of assuming homogeneity of variance should be questioned more frequently, although large sample sizes would be required to detect small differences in variance among populations. The high heritability of sideroxylonal has undoubtedly made the task easier in this study.
Our finding of evidence for gene(s) of major effect is noteworthy because it may help explain the differences in genetic variance among populations. While maternal trees were sampled at a minimum distance of 100 m, which is greater than the extent of positive spatial genetic autocorrelation in the closely related woodland tree, E. melliodora, correlation of sideroxylonal with reproductive traits (e.g. phenology or pollen production) may cause underestimation of genetic variance. In some cases, eucalypts receive pollen from only a subset of the potential pollen donors (Sampson, 1998; Millar et al., 2000; Jones et al., 2008) . Although variation in the mating systems of the maternal trees (Borralho and Potts, 1996; Burgess et al., 1996; Butcher and Williams, 2002) may influence differences in variance among populations, it would not explain the apparent lack of genetic variance in some populations. Similarly, the pattern of genetic variance in E. tricarpa does not match that expected if genetic variation is lower near the range limits of species (Aitken and Libby, 1994; Eckstein et al., 2006) . Range expansion, genetic drift, introgression, migration and selection may cause differentiation of genetic variances among populations under an infinitesimal model (Yeaman and Jarvis, 2006) ; these mechanisms are more likely to alter V A if sideroxylonal is influenced by genes of major effect. A combination of genomics and population genetics will be required to ascertain the importance of selection, genes of major effect and/or human disturbance in producing the observed differences in genetic variance among populations. The identification of a major gene affecting FPC concentrations in leaves may offer an unprecedented chance to understand the biosynthesis of this enigmatic class of phytochemicals.
Differences among populations in responses of foliar sideroxylonal concentrations to site environments also accompanied the population divergence in foliar sideroxylonal concentrations that we have documented previously (Andrew et al., 2007) . There was a significant G Â E interaction at the population level, which was related to the range of temperatures experienced by the source populations. In contrast to patterns of genetic divergence in morphological and life history traits in E. globulus (Dutkowski and Potts, 1999) , relationships between bioclimatic variables and physiology or defence in E. tricarpa have been elusive (Andrew et al., 2007) . Yet, higher concentrations of sideroxylonals have been found in populations of E. microcorys growing on sites with cold winters (Moore et al., 2004b) . Our results suggest that this may be due to environmental as well as genetic effects, highlighting the need for studies in multiple common gardens to understand geographic patterns of phenotypic variation.
While it is unclear whether plasticity in sideroxylonal production is adaptive, or even whether it is active or passive (Pigliucci, 1996; Ghalambor et al., 2007) , the link with source population climate suggests that the responses of foliar sideroxylonal concentrations to environmental conditions are ecologically important in this species. Adaptive divergence may be responsible for the differing responses of population means to each site and the lack of genetic variation in plasticity detected within populations, if selection on plasticity varies among source localities. For example, the trend of greater differences in sideroxylonal concentrations between Huntly and Lake Tyers exhibited by families from source populations that experience narrower temperature ranges may result from canalization (evolution of the ability to produce the same phenotype despite environmental perturbations) in inland populations or selection for greater plasticity in coastal populations. Because the inland populations experience greater temperature extremes, there may be greater selective benefit to canalization of foliar sideroxylonal concentration (Buskirk and Steiner, 2009; Lande, 2009 ).
Eucalypts produce a broad range of secondary chemicals, which can comprise a substantial portion of leaf biomass. FPCs appear to be constitutively expressed (Henery et al., 2008) , in contrast to other eucalypt phytochemicals (Rapley et al., 2007) and many defences in other plants that are induced by herbivores or pathogens (e.g. Agrawal et al., 2002; Keeling and Bohlmann, 2006; Björkman et al., 2008) . Nevertheless, ontogeny and the timing of phenotypic phase changes may differ between the sites and contribute to the observed population Â environment interaction. For this reason, we must be cautious about interpreting the 2-fold difference in mean sideroxylonal concentrations between Huntly and Lake Tyers as suggesting that the strong plasticity of this trait on average has evolved in response to variable environments (Buskirk and Steiner, 2009; Lande, 2009 ). Strong, positive genetic and phenotypic correlations occurred between seasons, suggesting that the relative levels of defence are stable across years; however, this information was only available for one site. Further study of this species should include longitudinal measurements of growth, herbivory and sideroxylonal concentrations at multiple sites. In order to understand fully the geographic mosaic of genetic variation in foliar sideroxylonal concentrations, the costs and benefits in multiple habitats are of great importance.
In conclusion, our results suggest that geographic divergence in parameters other than population means may be more common than is typically acknowledged. Both environmental effects on phenotypes and genetic variance may differ among populations. This may affect the way in which species respond to rapid environmental changes through adaptive plasticity or evolution.
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LITERATURE CITED APPENDIX G Â E interaction and variance component modelling
The generalized mixed model used to analyse sideroxylonal concentrations measured at the three trial sites is:
where X and Z i were incidence matrices for factor levels. b is the list of fixed effects, including site, site.replicate, population and population.site. f, c and p are vectors of the random effects for family.population, family.site and plot, and e is the vector of residual errors. The random effects in the model were assumed to be multivariate normal, with means, variances and covariances: where 0 is the null matrix and F, C, P and R are the variance/ covariance matrices corresponding to f, c, p and e, respectively. The structures of these matrices were modelled to test
